Hansen and Nazarenko [2004] raised awareness of climate forcing from snow darkening by black carbon (BC), suggesting that it may have caused one quarter of Earth's warming over the last century. To improve understanding of this phenomenon, especially in the context of snow-albedo feedback, we couple our SNow, ICe, and Aerosol Radiative (SNICAR) model to the CLM and CSIM components of CAM3 with prognostic carbon aerosol transport [Rasch et al., 2001] . Because of huge uncertainty in this forcing, we consider combinations of BC emissions, BC optical properties, snow aging, meltwater scavenging of BC, and snow cover fraction which yield low, middle, and high estimates. We also assess the impact of real variability in emissions from biomass burning.
Present day global forcing by BC in snow is small (~0.06 W/m 2 in a strong fire year), but has significant influence on northern high-latitude climate because forcing is maximum precisely when and where it can have the greatest impact on snowmelt.
Snowmelt north of 50°N is shifted towards earlier in the season with BC in snow (Panel 4)
Annual mean surface albedo north of 60°N is reduced by 0.025. Summer albedo over perennial sea-ice is lowered by ~0.08, caused by a 40% reduction in snow height which exposes darker sea-ice.
Global mean surface temperature warms ~0.07°C, perhaps as much as 0.14°C, yielding a forcing "efficacy" ~1.8x that of CO 2 .
With CAM3 aerosol transport, biomass burning is the dominant source of Arctic BC in a strong boreal fire year (1998), whereas fossil fuels contribute the largest share in a weak year (2001).
The largest contributors to forcing uncertainty are uncertainty in BC emissions [Bond et al., 2004] and snow aging (Panel 1), both of which could individually increase global BC/snow forcing by ~1.7x.
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The figure below shows spectrally-integrated snow albedo as a function of BC mass concentration in snow with varying effective radii (r e ) of snow grains. BC perturbs albedo more in snow with larger r e , and the range of perturbation for realistic r e is about 3-fold. This is because the photon path-length between extinction events by ice increases with r e , raising the probability of absorption by interspersed BC particles. Snow reflectance without BC also depends heavily on r e , which can change rapidly with snow aging, depending on snow temperature gradient, temperature, and density [Flanner and Zender, 2006] . The influence of grain size illustrates the importance of snow aging treatment in climate models.
Here, we show annual mean BC concentrations in surface snow (logscale), predicted by central estimates of BC emissions from a strong boreal fire year (1998) and weak year (2001) . Over most of the planet, BC/snow concentrations are dominated by fossil fuel sources. Significant differences can be seen in the Arctic (Greenland and Beaufort Sea) however, where biomass sources account for the majority of BC in 1998, but not 2001. BC concentrations in China exceed 1000 ng/g; sufficient to lower snow albedo by more than 0.13.
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The top panel depicts zonal mean surface forcing throughout 1998. The latitude of maximum forcing moves north through the season, tracking maximum insolation and snow cover. This pattern coincides with that of the onset of snowmelt.
Land-averaged snowmelt increases during the early melt phase and decreases later as less snow is available for melt (middle).
Hatching shows changes at the 0.01 significance level. These changes represent an average increase of 20% in the month preceding that of maximum melt in the control simulation, areaaveraged over latitudes north of 50°N.
Zonal mean surface albedo decreases (bottom-left) with statistical significance over large areas. The 0.08-0.10 reduction in late-summer polar albedo occurs because JuneJuly-August snow height on sea-ice is reduced by 42%. This exposes bare sea-ice, which is much darker.
Zonal temperature changes are shown bottom-right. Warming is ubiquitous, but less significant than the other changes. Our central estimate of global warming from all BC in snow, averaged over 1998 and 2001 experiments, is 0.07°C (statistically significant at the 0.03 level). Our high estimate warming is 0.14°C.
